What this study adds
====================

Previous research on metals and age at menopause has focused on cross-sectional studies of lead. In this prospective study, we evaluate a large panel of toenail metals in relation to age at menopause and use a novel time-to-event extension of quantile-g-computation to evaluate joint effects. Although no individual metal strongly contributed to menopause timing, a quartile increase in the overall metal mixture was associated with a 2 year later age at menopause and appeared to be driven by essential metals. These results suggest that low levels of essential metals may be associated with an earlier age at menopause.

Introduction
============

Earlier age at menopause is associated with reduced fertility and a higher risk of cardiovascular disease and death^[@R1],[@R2]^ and a lower risk of breast, endometrial, and ovarian cancer.^[@R3]--[@R5]^ Thus, the length of the reproductive lifespan is an important factor in a woman's later-life health. Loss of ovarian function and decreases in endogenous estrogen production that occur with menopause are plausible biologic mechanisms by which timing of menopause may influence these health outcomes.^[@R6],[@R7]^ Achieving a better understanding of how environmental factors may be related to timing of menopause could provide clues for potential biologic mechanisms underlying associations between environmental chemicals and chronic disease.

Metals are one plausible group of environmental chemicals that may influence the timing of menopause. There is evidence that some metals, such as cadmium and lead, have endocrine-disrupting properties^[@R8]--[@R10]^ and that lead in particular may act as a reproductive toxicant.^[@R11]^ Previous epidemiologic research on metals and menopause has been focused on exposure to lead. An earlier age at menopause was observed in a small population occupationally exposed to lead from smelting compared with similar aged women without occupational exposure.^[@R12]^ Higher levels of lead measured in the bone were associated with earlier menopause in a subpopulation of the Nurses' Health Study cohort^[@R13]^ and similar associations were observed for blood lead in the National Health and Nutrition Examination Survey.^[@R14]^

Multiple metals can arise from similar sources (e.g., smoking, occupational exposures, dietary sources), which may partly explain correlation of multiple metals within individuals.^[@R15]^ However, previous studies have not considered the association with menopause given these coexposure patterns which could result in residual confounding. Metals also have diverse biologic functions and may be expected to have differing associations with the timing of menopause; some are essential (e.g., cobalt, copper, nickel, and chromium) and are necessary for normal physiologic function whereas others are considered nonessential and are often referred to as being "toxic" (e.g., lead, arsenic, cadmium, and mercury).^[@R16]^

The aim of this prospective study was to evaluate whether toenail metal and/or trace element concentrations (antimony, arsenic, cadmium, chromium, cobalt, copper, iron, lead, mercury, manganese, molybdenum, nickel, selenium, tin, vanadium, and zinc, to be henceforth referred to as metals), individually or in combination, were associated with age at menopause. We hypothesized that women with higher exposure to metals, specifically nonessential metals such as cadmium and lead, would tend to have an earlier age at menopause.

Methods
=======

Study population
----------------

The Sister Study is a prospective cohort of 50,884 women designed to identify environmental and lifestyle risk factors for breast cancer.^[@R17]^ Study participants were enrolled from 2003 to 2009; to be eligible, they had to be between the ages of 35 to 74, reside in the United States or Puerto Rico, have a sister who had been previously diagnosed with breast cancer and have no history of breast cancer themselves.

At the time of study enrollment, participants completed extensive questionnaires on their demographics, lifestyle factors, and medical history including information on reproductive history and menopausal status. The women completed a home visit with a trained examiner who collected biospecimens and conducted anthropometric measurements including height and weight to calculate body mass index (BMI). Women were asked to remove their nail polish and provide clippings from each toenail. Participants complete annual health updates and more extensive follow-up questionnaires to assess changes in their health including menopausal status. Response rates have remained at approximately 90% for each update.^[@R18]^ Data used were from Release 6.0.

Metal concentrations were assessed for 2,617 women with toenail samples collected at baseline who were part of a subset of participants in a sister-matched case-control study of young-onset breast cancer.^[@R15]^ Women were eligible for the current study of metals and age at menopause if they were premenopausal at baseline, had no history of hysterectomy or oophorectomy, and had no prior diagnosis of cancer other than nonmelanoma skin cancer (n = 907).

Exposure assessment: toenail metal concentrations
-------------------------------------------------

We used inductively coupled plasma mass spectrometry (ICP-MS) to assess baseline toenail concentrations for a panel of 16 trace elements (antimony, arsenic, cadmium, chromium, cobalt, copper, iron, lead, mercury, manganese, molybdenum, nickel, selenium, tin, vanadium, and zinc). As previously described,^[@R15],[@R19]^ the two big toenails were washed, air-dried, and then digested in acid (9:1 HNO~3~/HCL) and diluted with deionized water. ICP-MS analyses were conducted using Agilent 8800 ICP-QQQ (Santa Clara, CA). Quality control was conducted using continuous calibration verification, duplicate and spiked samples, within- and between-batch analyses of a laboratory-prepared toenail matrix digest, and comparison with a standard reference material (Japan NIES \#13 Hair). Random effect models were used to correct for sample batch. If a measured value was available despite being below the limit of quantification that value was used in the analysis. After batch correction, a small number of metal measurements (\<0.1%) were negative. For some calculations that required positive values (e.g., log transformations), these values were imputed as a small positive value (0.001) but were otherwise left negative.

Outcome assessment: age at menopause
------------------------------------

Participants provided updated information on menopause approximately annually at the time of each follow-up questionnaire. Age at menopause was defined as the self-reported age at which they had not had a menstrual cycle in the previous 12 months and were previously uncensored. Women were considered censored at the earliest occurrence of death, incident cancer (other than non-malignant melanoma), oophorectomy, hysterectomy, age 55, or the end of follow up. Age 55 is considered late age at menopause; approximately 80% of women will have undergone menopause by age 55.^[@R20]^

Statistical analysis
--------------------

We examined univariate characteristics of the metals and covariates. For the metals, we examined univariate histogram distributions and calculated a Spearman correlation matrix.

To model associations between individual metal concentrations measured in toenails collected at baseline and age at menopause, we fit confounder-adjusted Cox proportional hazards models to estimate the hazard ratio for a unit increase of concentration. The timescale of interest for our study was age and the target parameters were the hazard ratios comparing the hazard of incident menopause at one unit increments of exposure or contrasting discrete levels of exposure. The origin of the time scale was age 35 but follow-up for each woman began at her study baseline age, and we considered metals exposure at that baseline age as the exposure of interest. We examined fits in the continuous model with both untransformed exposure as well as with natural-log-transformed exposure, to explore the impacts of scale changes on inferences. We allowed for the potential for nonlinearity of the hazard ratios by characterizing each exposure into categories defined by quartiles. We performed a global test of the proportional hazards assumption for the underlying fit via a global test of a time trend in Schoenfeld residuals.^[@R21]^

All exposures and covariates (except for current age and menopause status) were based on their value at baseline. Covariates were selected to comprise a minimally sufficient set of confounders based on a directed acyclic graph (eFigure 1; <http://links.lww.com/EE/A94>) and included baseline measurements of BMI (linear, standardized by mean-centering and dividing by the standard deviation), smoking (current/former/never), race and ethnicity (non-Hispanic White, non-Hispanic black, Hispanic, other), education status (\<high school or high school degree, some college, bachelor's degree, or more than a bachelor's degree), and parity (linear, number of children). We excluded participants who were menopausal at the end of follow-up but missing information on age at menopause, metals measurement, race/ethnicity, or BMI (N = 5), resulting in a final sample size of 902 women.

Our primary interest in the analysis was in assessing the impact of the exposure "mixture" on the age at incident natural menopause. As previously described in detail,^[@R22]^ quantile-g-computation is a parametric, generalized-linear-model--based approach that uses a basic implementation of g-computation^[@R23]^ to estimate a mixture effect, which is defined as increasing all exposures in the mixture by a single quantile.^[@R22]^ This approach provides a valid estimate of the overall mixture effect as well as weights that indicate the contribution of the individual components of the mixture to the overall estimate. For the current analysis, we used a novel application of this method for survival analysis. This was implemented by categorizing all metals in quartiles, ![](ee9-4-e0104-i001.jpg), and fitting an adjusted Cox proportional hazards model ![](ee9-4-e0104-i002.jpg), where![](ee9-4-e0104-i003.jpg) represents the (unspecified) hazard at the referent level of all covariates at time ![](ee9-4-e0104-i004.jpg), ![](ee9-4-e0104-i005.jpg) represents log-hazard ratios for confounders ![](ee9-4-e0104-i006.jpg) and ![](ee9-4-e0104-i007.jpg), which is interpreted as the change in the log-hazard of menopause for a one-unit change in the ![](ee9-4-e0104-i008.jpg) exposures comprising the mixture of interest. If all coefficients are in the same direction, then we can express the model as ![](ee9-4-e0104-i009.jpg) where each metal is given either a weight ![](ee9-4-e0104-i010.jpg) corresponding to the proportion of the total effect due to that metal. When model coefficients for the exposures are not in the same direction, then there are two sets of weights that yield the proportion of the positive (or negative) "partial effect" of all exposures with positive (or negative) coefficients, but the interpretation of ![](ee9-4-e0104-i011.jpg)is unchanged. Confidence intervals for ![](ee9-4-e0104-i012.jpg) are estimated via the delta method. We used results from the quantile-g-computation fit to generate survival curves for the time to menopause using Efron's estimator of the baseline hazard.^[@R24]^

We examined three mixture groups: all metals combined, nonessential metals (antimony, lead, mercury, cadmium, arsenic, tin, vanadium), and essential metals (molybdenum, selenium, zinc, manganese, copper, nickel, iron, cobalt, chromium). The classifications for nonessential and essential groupings were selected a priori based on the presence or absence of a known or suspected physiologic role for each metal.^[@R16]^ When the overall mixture effect for specific subgroups was estimated in the quantile-g-computation model, the metals not included as part of the subgroup of interest were retained in the model similar to confounders and thus overall mixture effect for the subgroup is adjusted for all of the components of the metal mixture.

Our approach to assessing nonlinearity of the mixture was to contrast 2 models: (1) all exposures are entered as both linear and quadratic terms and the overall effect is allowed to be quadratic versus (2) all exposures are entered as linear terms and the overall effect is assumed linear. An overall assessment of nonlinearity is then given by the quadratic term coefficient in the overall model. Confidence intervals for the nonlinear model were estimated via a nonparametric bootstrap with 1,000 samples. This approach can be underpowered when there are few truly nonlinear terms, but it is less subject to over-fitting and issues of multiple comparisons that would arise if assessing nonlinearity on an exposure-by-exposure basis. We assessed the impact of using quartiles to categorize the exposure by fitting additional quantile-g-computation models where the number of quantiles was varied from 2 to 20. We assessed potential sensitivity to reverse causation from measuring metals during perimenopause using a sensitivity analysis where we restricted the analysis to participants who were younger at baseline (i.e., those below the 90th or 50th percentile of age at baseline). Because iron concentrations may be influenced by menstrual cycling and thus possibly increased or decreased by perimenopausal status, we performed an additional sensitivity analysis excluding iron from the mixture of interest. We also conducted a sensitivity analysis without censoring at age 55.

Results
=======

Based on a Kaplan-Meier estimator, the median age of natural menopause in the study population was 52.4 years. The median time from toenail sample donation to menopause was 10.3 years. We observed that 344 (38%) of the women in the study reported natural menopause before a censoring event and the Kaplan-Meier estimator of natural menopause by age 55 years was 77%. This study population was predominately non-Hispanic white (90%), most had at least a college degree (64%), and were never smokers (69%; Table [1](#T1){ref-type="table"}). The average examiner-measured BMI at baseline was 26.5 kg/m^2^. Toenail metal median concentrations and quartile cut-points are displayed in eTable 1; <http://links.lww.com/EE/A94>. Zinc had the highest median concentration (103.6 µg/g), whereas cadmium, cobalt, molybdenum, and vanadium had the lowest median concentration (0.01 µg/g). The correlation of metals concentrations varied across the metals, ranging from −0.07 to 0.72 (eFigure 2; <http://links.lww.com/EE/A94>). There was no statistically significant deviation from proportional hazards (*P* = 0.46).

###### 

Study participant characteristics at baseline (N = 902), Sister Study, 2003--2009.

![](ee9-4-e0104-g001)

When we considered each metal individually in relation to age at menopause, we observed associations that were close to null across almost all the metals (Table [2](#T2){ref-type="table"}). For an interquartile range (IQR) increase in lead, we observed a modest association with an earlier age at menopause (HR = 1.03, 95% CI = 1.01, 1.05). These associations did not substantially change with adjustment for confounders or by changes in exposure scale.

###### 

HRs and 95% CIs for the associations between individual metals and age at natural menopause.

![](ee9-4-e0104-g002)

Using quantile-g-computation, increasing all metals by one quartile was associated with a later age at menopause (HR = 0.81, 95% CI = 0.64, 1.02; Table [3](#T3){ref-type="table"}). As expected, the metals did not have coefficients that were consistently in the same direction (Figure [1](#F1){ref-type="fig"}, eTable 2; <http://links.lww.com/EE/A94>). Cobalt, cadmium, antimony, molybdenum, and arsenic had positive weights, indicating an association with an earlier age at menopause. The metals with the largest positive weights were cobalt (0.50) and cadmium (0.22). The remaining 12 metals had negative weights, indicating associations with a later age at menopause, with the strongest negative weights for nickel (0.20), chromium (0.18), and vanadium (0.13). Lead, which was the only metal associated with age at menopause in the individual metal models, showed little evidence of an association in the overall mixture model (0.03). Individual exponentiated ![](ee9-4-e0104-i013.jpg) coefficients for a quartile increase in each metal, holding all other metals constant, as estimated from quantile-g-computation are provided in eTable 2; <http://links.lww.com/EE/A94>. When we estimated the overall mixture effect for the nonessential and essential mixture groups separately, we observed that the point estimate for the essential metal mixture remained inverse (HR = 0.83, 95% CI = 0.64, 1.07), whereas the HR for the nonessential metal mixture was close to 1.0 (HR = 0.98, 95% CI = 0.76, 1.24), although there was substantial overlap in the confidence intervals. The weights (relative sizes of coefficients, among those with the same sign) for the nonessential and essential metal groups are provided in eFigures 3 and 4; <http://links.lww.com/EE/A94>; they have similar patterns to the weights provided for the overall metal mixture. The corresponding exponentiated coefficients are those provided in eTable 2; <http://links.lww.com/EE/A94>.

###### 

HRs and 95% CIs for the association between increasing all of the metals by a quartile within the (1) overall metal mixture, (2) the nonessential, and (3) the essential metal mixture in relation to age at menopause

![](ee9-4-e0104-g003)

![Weights for the metal mixture in relation to age at menopause.](ee9-4-e0104-g004){#F1}

We observed little change in our overall metal mixture estimate when iron was excluded (eTable 3; <http://links.lww.com/EE/A94>). These results did not appear to be strongly influenced by age at baseline: excluding the oldest women (\>90th percentile) in our population, those who would have been most likely to be in perimenopause at the time of sample collection did not alter our overall conclusions (eTable 4; <http://links.lww.com/EE/A94>). However, we did note a strong, but imprecise, positive association among the overall metal mixture and age at menopause among those women \>90th percentile in age (HR = 1.62, 95% CI = 0.83, 3.15). Varying the number of quantiles used to characterize the metal concentrations also did not impact the overall mixture estimate (eTable 5; <http://links.lww.com/EE/A94>). Allowing for a nonlinear association between individual exposures, as well as the overall mixture, in relation to age at menopause demonstrated a similar inverse association with age at menopause, and there was very weak evidence of nonlinearity in the overall mixture effect (eTable 6; <http://links.lww.com/EE/A94>). The survival curves generated under the two models were nearly identical, suggesting that nonlinearity, even if present, does not change the interpretation of our results.

Results generated under the quantile-g-computation suggest that the absolute risk of menopause by age 55 is approximately 20% lower among those exposed in the highest quartile versus those exposed in the lowest and equates approximately to a 2-year delay in the age at menopause (eFigure 5; <http://links.lww.com/EE/A94>). Results for the overall mixture remained very similar without censoring at age 55 (HR = 0.84, 95% CI = 0.67, 1.04).

Discussion
==========

In this prospective study of toenail metal concentrations in relation to age at natural menopause, we estimated that a simultaneous increase in all metals by a quartile was associated with a 2-years later age at menopause. The individual metals within the mixture had both inverse and positive associations with menopausal age. In the mixture analysis, chromium and nickel had the largest negative weights indicating an association with a later age at menopause, whereas cobalt and cadmium had the largest positive weights, indicating an association with an earlier age at menopause. The overall inverse association between the metal mixture and age at menopause persisted when we limited the mixture to the essential metals, but was not evident for the nonessential metals. This suggests that the observed inverse overall mixture effect may be largely driven by the essential metals, suggesting that deficiencies among them may cause early menopause. When evaluated in individual statistical models (not controlling for other metals), there was little evidence that individual metals were related to age at menopause.

Previous research on associations with metal biomarkers in relation to age at menopause has been focused on exposure to lead, due to its established reproductive toxicity.^[@R11]^ Prior studies have included an occupational cohort exposed to very high levels from smelting,^[@R12]^ a cross-sectional examination of blood lead levels in National Health and Nutrition Examination Survey,^[@R14]^ and a study of bone lead for which measurements were largely conducted after menopause.^[@R13]^ These studies all concluded that higher biomarker levels of lead were related to an earlier age at menopause. Our individual metal analysis suggested a small association between lead and earlier menopause. However, this association with lead was not evident in the mixture analysis that used exposure quantiles to reduce the influence of outliers, nor in our analysis in which lead was log-transformed, suggesting that the association was driven by women in the high lead exposure range. Because the previous studies by Mendola et al^[@R14]^ and Eum et al^[@R13]^ were cross-sectional, reverse-causation is possible, as measured lead levels may have been influenced by postmenopausal releases of bone lead.^[@R25]^ In our sensitivity analysis that restricted to the oldest women in our sample who would have been closest to the menopause transition at baseline (\>90th percentile for age at baseline), we observed a strong association between the overall metal mixture and an earlier age at menopause. This association in our oldest premenopausal women is consistent with the cross-sectional results and suggests that reverse causality could be playing a role. We prospectively ascertained information regarding age at menopause multiple times over follow-up, requiring women to have ceased menses for a full 12 months before being considered postmenopausal. In a cross-sectional study design, age at menopause is difficult to precisely define, as women may be in early menopause and have not yet reached the 12-month threshold at the time of data collection.

The overall mixture effect appeared to be spread across a number of predominately essential metals with modest negative effects, indicating no individual metal was a strong driver of the association. Previous studies have suggested that use of vitamin and mineral supplements^[@R26]^ and dietary factors including consumption of legumes^[@R27]^ are related to a later age at menopause. Vitamin and mineral supplements contain numerous essential trace elements and legumes are a source of elements including nickel, iron, and zinc.^[@R28],[@R29]^ Therefore, the findings observed here in our mixture analyses suggest that intake of essential elements in the diet or via supplementation may influence the timing of menopause.

We observed a positive weights in the quantile-g-computation model for cobalt and cadmium, indicative of an associations with earlier age at menopause. These findings for cadmium are consistent with prior research on smoking,^[@R30]^ a primary source of cadmium exposure.^[@R31]^ However, even with adjustment for smoking status, cadmium remained positively weighted. These findings are consistent with a prior study that observed cadmium was associated with lower anti-Müllerian hormone levels, which are predictive of an earlier age at menopause.^[@R32]^ Cobalt also was given a positive weight but has been less well-studied; although similar to cadmium, cobalt has endocrine-disrupting properties including binding to estrogen receptor (ER)-α.^[@R8]^ However, these results for the positively-weighted metals should be interpreted with caution as the coefficients for individual metals were imprecise, and the magnitude of the positive and negative weights cannot be directly compared (though the coefficients in eTable 2; <http://links.lww.com/EE/A94>, on which they are based can be).

An important strength of this study was the evaluation of the joint impact of exposure to multiple metals using a novel application of quantile-g-computation in a survival analysis context. We were interested in the overall mixture effect as it is important to characterize the overall effect of combined chemical exposures, to evaluate the total body burden of environmental chemicals.^[@R33]^ This method was selected for this study as our research goal was to evaluate the joint effects of exposures in a mixture, regardless of whether individual exposures are beneficial or harmful. Given the bidirectional associations observed in our study, the use of a statistical method that can simultaneously estimate both positive and negative weights for the overall mixture effect was an important strength. Other available approaches to estimate the overall mixture effect, such as weighted quantile sum (WQS), require a directional homogeneity assumption to estimate the overall mixture effect.^[@R22]^ Utilizing an analytic method to account for the mixture was important, as it permitted us to observe an association that would have otherwise been missed had we simply evaluated each metal individually.

This study is the first to consider toenail metal concentrations in relation to age at menopause. Toenail metal concentrations are a promising noninvasive biomarker for metal concentrations and are estimated to reflect a 4- to 6-month window of exposure in the past 6--12 months.^[@R34],[@R35]^ These markers have been previously found to correlate well within individuals over a period of months^[@R36]^ and years,^[@R15]^ suggesting that they may be an adequate proxy for long-term exposure. In the Normative Aging Study, the correlation of toenail lead concentrations over time was higher than that for blood lead.^[@R37]^ Additionally, we have previously shown that toenail cadmium levels correlate with smoking status,^[@R36]^ a primary source of cadmium exposure.^[@R31]^ However, we only had toenail metals assessed a single time point, and thus, we cannot know to what extent these measures may represent long-term exposure levels.

Women in our study who had a hysterectomy were censored from our analysis, because they were no longer at risk for natural menopause. Our analysis assumes that the timing of hysterectomy and when natural menopause would have occurred are not related through factors not included in our model. Similarly, because the natural time-scale for studying menopause is age, for women who had baseline age greater than 35 (the origin for our analysis), we also assumed that among premenopausal women age at entry was not related to the timing of menopause (e.g., via effects of birth cohort).^[@R22],[@R38]^

It is unclear what the relevant time period is for which environmental exposures may impact when a woman undergoes menopause. Previous studies of smoking and menopause have found that current smokers have an earlier age at menopause than former smokers, suggesting that recent or ongoing exposure during the menopausal transition is relevant.^[@R30],[@R39]^ However, we cannot rule out the possibility that exposure to metals earlier in life during potentially critical biological windows may also influence age at menopause.

A strength of our study was the use of a biologic measure that represents relatively recent exposure patterns and levels (2003--2009), which is important because exposure in the general population to nonessential and potentially toxic metals such as lead has declined substantially over time.^[@R15],[@R40]^ Women in our study had lower toenail concentrations of certain nonessential metals (median As 0.05 µg/g, Pb 0.11 µg/g, Hg 0.10 µg/g) compared with those observed in the Normative Aging study (median As 0.07 µg/g, Pb 0.32 µg/g, Hg 0.25 µg/g)^[@R37]^ and in a New Hampshire case-control study (mean As 0.10 µg/g).^[@R41]^ The findings presented here for the overall mixture may not be generalizable to other populations with different metal concentrations and coexposure patterns.

Overall, we found little evidence that nonessential metals, such as lead, which has been previously associated with age at menopause, were related to an earlier age at menopause in our sample. In contrast, our results suggest that increasing exposure to the overall metal mixture was associated with an approximately 2 years later age at menopause, although we did not identify individual metals that were strong drivers of this association. Rather, it appeared that this association was due to small contributions across a number of essential metals. This suggests that low levels of essential metals may be related to an earlier age at menopause. Future study on the role of those essential metals and their potential impact on age at menopause is warranted.
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